The redox state of a cell is an important factor in determining its susceptibility to different apoptotic stimuli (for a recent review, see reference 18). Both reactive oxygen species (ROS), which are prooxidants, and thiol compounds, which act as antioxidants, play a critical role in regulating apoptosis following the application of apoptotic stimuli such as tumor necrosis factor alpha (TNF-␣) (24) , Fas signaling (1), glucocorticoids (31) , thiol depletion (12, 16, 22) , radiation (19) , chemotherapeutic agents (4) , ceramide (20) , and lymphocyte activation (8) . However, the mechanism by which the cellular redox state is regulated during apoptosis and its role in modulating cell death remain unclear.
All aerobic cells generate ROS in the form of superoxide anions, hydrogen peroxides, organic peroxides, and hydroxyl radicals (3) . Since ROS are by-products of oxidative phosphorylation, most cellular ROS are produced by mitochondria. Superoxide radicals are produced when oxygen is reduced by a single electron; this occurs mostly at the ubiquinone site of complex III of the mitochondrial electron transport chain. However, electron transfer in other cellular organelles, such as the endoplasmic reticulum and nuclear and plasma membranes, can also produce superoxides. Moreover, several biochemical reactions other than electron transport chains can produce ROS. For example, the catabolism of purine nucleotides (xanthine oxidase reaction), the metabolism of fatty acids, in particular the production of prostaglandins and leukotrienes from arachidonic acid (lipoxygenase reaction), and many biochemical reactions that take place in peroxisomes can produce ROS (3) . ROS produced at sites other than mitochondria have been reported to be involved in some apoptotic systems, but it is widely accepted that mitochondria are the predominant source of ROS produced in most apoptotic systems (14, 18) .
Mitochondrial homeostasis is critical in regulating apoptosis (6, 14) . In particular, it has been noted that some or all of the following mitochondrial changes are associated with apoptosis: mitochondrial membrane hyperpolarization and depolarization, matrix swelling, and permeability of the outer membrane, resulting in the release of proapoptotic proteins such as cytochrome c, apoptosis-inducing factor, and potentially other proteins. In many instances, such mitochondrial events are a prerequisite for the activation of a family of aspartic acid-specific, cysteine-containing proteases (caspases) that are known to be important mediators of apoptosis (21, 25) . Other mitochondrion-related cellular alterations that are important in modulating the apoptotic process can also occur. These include a decreased ATP/ADP ratio, thiol depletion, and ROS induction (6, 14) .
The Bcl-2 family of proteins are ubiquitous regulators of cell death (7, 28) . The mechanism of action of several members of this family appears to involve mitochondria. Bcl-2 and Bcl-x L exert at least some of their antiapoptotic effect by regulating mitochondrial homeostasis, in particular by maintaining mitochondrial-cytosolic coupling of oxidative phosphorylation (7, 28) . In addition, Bcl-2 proteins can modulate the release of apoptogenic factors, such as cytochrome c and apoptosis-inducing factor, from mitochondria. There are also some indications that Bcl-2 and Bcl-x L may function as antioxidants and in this way exert anti-apoptotic activity. Bcl-2 knockout (Bcl-2 Ϫ/Ϫ ) mice are hypopigmented due to a defect in melanin synthesis, which itself is redox regulated (29) . Moreover, enhanced oxidative stress and a higher susceptibility to prooxidants are evident in the brains of Bcl-2 Ϫ/Ϫ mice compared to control mice (9) . Bcl-2 protects cells from hydrogen peroxideor thiol depletion-induced death and suppresses lipid peroxidation (10, 12, 19, 26) . There are two mechanisms that can explain the antioxidant activity of Bcl-2 proteins. In the first mechanism, Bcl-2 maintains cells in a more reduced state by scavenging ROS either directly or by up-regulating other ROS scavengers such as thiol compounds. Alternatively, or in addition, Bcl-2 may function to prevent the generation of ROS during apoptosis. It remains unclear how Bcl-2-like proteins antagonize oxidation. However, since Bcl-2 was shown to protect cells from death induced by exogenous oxidant compounds such as hydrogen peroxide or lipid peroxide (10, 26) , it has been considered likely that Bcl-2 proteins act downstream of ROS formation.
Here we further elucidate the role of Bcl-2 proteins in determining the redox state of cells. In response to TNF-␣ treatment, cells produced elevated levels of ROS. However, this production of ROS occurred only after TNF-␣ induced a reduction in the mitochondrial membrane potential (⌬⌿ m ). ROS scavengers did not interfere with the initial decrease in ⌬⌿ m but significantly attenuated the subsequent mitochondrial collapse of ⌬⌿ m and partially rescued the cells from apoptosis. These results indicate that ROS contribute to mitochondrial membrane depolarization. Expression of Bcl-x L blocked both the initial decrease in ⌬⌿ m and the subsequent increase in ROS levels following TNF-␣ treatment. In contrast, Bcl-x L expression did not block the initial reduction in ⌬⌿ m that follows hydrogen peroxide treatment. Still, Bcl-x L expression allowed cells to recover from the hydrogen peroxide-induced drop in ⌬⌿ m and prevented progression to complete mitochondrial membrane depolarization. In this system, Bcl-x L did not have ROS scavenger activity. These data lead to the conclusion that Bcl-x L acts to promote mitochondrial recovery from oxidant-induced damage. Bcl-x L partially inhibits the decrease in mitochondrial respiration that begins shortly after TNF-␣ treatment. This activity of Bcl-x L can explain both the maintenance of mitochondrial ⌬⌿ m and the prevention of ROS production in mitochondria. Therefore, it is proposed that following TNF-␣-induced signal transduction, Bcl-x L plays a direct regulatory role in maintaining mitochondrial physiology. In addition, these data support the hypothesis that Bcl-x L is active in regulating mitochondrial physiology even in cells that ultimately succumb to TNF-␣-induced death.
MATERIALS AND METHODS
Materials. S-18 anti-Bcl-x monoclonal antibody was purchased from Santa Cruz Biotechnology. Propidium iodide (PI), tetramethylrhodamine ethyl ester (TMRE), and 2Ј7Ј-dichlorodihydrofluorescein diacetate (DCFH-DA) were purchased from Molecular Probes. 1-Pyrrolidine dithiocarbamate (PDTC) was purchased from Calbiochem. N-Acetyl-L-cysteine (NAC), carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP), and cycloheximide (CHX) were purchased from Sigma. Recombinant murine TNF-␣ was purchased from Boehringer Mannheim Biochemicals, and the modified peptide benzyloxycarbonyl (z)-Val-Ala-Asp-fluoromethyl ketone (ZVAD-fmk) was purchased from Enzyme Systems Products.
Cell culture and transfections. The 2B4.11 (2B4) T-cell hybridoma line was maintained routinely at 37°C and 5% CO 2 in RPMI medium supplemented with 10% bovine calf serum and 50 M 2-mercaptoethanol. Cells were transfected by electroporation (250 V and 960 F) with the pSFFV-neo plasmid (control cells) or with the plasmid containing an insert encoding the human Bcl-x L cDNA. Transfected cells were selected with G418 (1 mg/ml) to generate control 2B4/neo cells and several Bcl-x L -expressing clones. Clones were generated by limiting dilution. Bcl-x L protein levels in the different clones were analyzed by Western blot analysis using the S-18 monoclonal antibody.
Cell analysis. Cells were split 1:10 a day before treatment. At 2 h before treatments, the cells were counted and replated at 10 5 cells/ml. To induce cell death, 200 U of TNF-␣ and 5 g of CHX per ml were added. CHX was used to inhibit antiapoptotic pathways induced by TNF-␣. When anti-oxidants (25 M PDTC or 50 mM NAC) were used, they were added 1 h prior to the apoptotic stimuli.
Viability was determined by PI exclusion. Cells were incubated with PI (5 g/ml) and analyzed immediately by fluorescence-activated cell sorter (FACS) analysis. For ⌬⌿ m analysis, cells were incubated with 0.2 M TMRE for 30 min at 37°C and then subjected to FACS analysis. TMRE fluorescence was detected in live cells as determined by forward-scatter and side-scatter criteria. The mitochondrial uncoupler FCCP (10 M), added 3 h before TMRE staining, was used to depolarize mitochondria and serves as an indicator that TMRE staining is in proportion to the mitochondrial membrane potential. ROS levels were detected by incubating the cells with 10 M DCFH-DA for 30 min at 37°C. ROS analysis was performed together with either PI (to determine viability) or TMRE (to analyze ⌬⌿ m ). At each time point, cells were also stained with either PI or TMRE alone, and the mean FL1 fluorescence of these cells (FL1 background) was subtracted from that of cells that were double stained with DCFH-DA and either PI or TMRE, giving a corrected mean FL1 value. Untreated cells were used as a reference for ROS levels at each time point, and the corrected mean FL1 value of the untreated cells was defined as ROS ϭ 1.
To detect the DCFH oxidation rate following hydrogen peroxide treatment, cells were incubated with 10 M DCFH-DA for 30 min at 37°C and analyzed by FACS analysis for DCFH oxidation for 2 min (basal levels). This was followed by addition of hydrogen peroxide (50 nmol/10 5 cells) and continuous reading of DCFH oxidation for 30 min more.
Oxygen consumption assay. Cells (5 ϫ 10 6 in 30 ml) were either left untreated or treated with TNF-␣ as described above. At 2 h later, cells were centrifuged and resuspended in 3 ml of medium. The oxygen consumption rate was measured in a respirometer using a polarographic oxygen electrode (Cameron Instrument Co.).
RESULTS

Bcl-x L inhibits TNF-␣-induced apoptosis in 2B4 T cells.
We examined the role that the cellular redox state plays during apoptosis, particularly the roles of ROS in initiating apoptotic events and of Bcl-x L in controlling such events. TNF-␣ increases cellular ROS levels during apoptosis (24) , and lymphocytes are sensitive to ROS-mediated cell death (31) . The TNF-␣-sensitive murine T-cell hybridoma line 2B4 was used as a model to study redox state regulation during apoptosis. Several clones of 2B4 cells overexpressing Bcl-x L were established. The Bcl-x L protein levels of two representative Bcl-x L -expressing clones (2B4/XL c.5 and 2B4/XL c.10), as well as of the control cells transfected with the G418 resistance gene only (2B4/neo), are presented in Fig. 1A .
There is evidence to suggest that there are two types of response to death mediated by TNF receptor (TNFR) family members (23) . Type I cells show high levels of caspase-8 activity within the "death-inducing signaling complex" (DISC) following Fas activation, and type II cells show lower levels of caspase-8 activity under the same conditions. Only type II cells are protected by the expression of Bcl-2. 2B4 cells are defined as type I, particularly since expression of Bcl-x L fails to block Fas-induced death (17) . Indeed, when 2B4 cells were treated with TNF-␣ in the presence of the protein synthesis inhibitor CHX to prevent the induction of the antiapoptotic response induced by TNF-␣-mediated NF-B signaling, both control cells and Bcl-x L -overexpressing cells were killed at 36 h (Fig.  1B) . This was a caspase-mediated cell death, since ZVAD-fmk, a general caspase inhibitor, was able to protect cells from death (Fig. 1B) . Although Bcl-x L expression failed to prevent TNF-␣-induced death, Bcl-x L lowered the amount of ZVAD-fmk necessary to protect the cells from death (Fig. 1C) . The cooperative protection by Bcl-x L and ZVAD-fmk is related to the Bcl-x L protein levels ( Fig. 1A and C) . This indicates that once caspase activity is limited, Bcl-x L can play a role in protecting even type I cells from TNF-␣-mediated death. Consistent with this conclusion, examination of earlier time points following TNF-␣ treatment shows that Bcl-x L has a major effect on the kinetics of cell death even in the absence of caspase inhibitors (Fig. 1D) , although the cells were not ultimately protected from death.
An increase in cellular ROS levels is associated with TNF-␣-mediated apoptosis and is blocked by Bcl-x L expression. We analyzed the involvement of ROS in apoptosis induced by TNF-␣. Intracellular hydrogen peroxide levels were measured using the fluorescent probe DCFH-DA. This is a cell-permeant dye that, once inside the cells, is cleaved by endogenous esterase into its nonfluorescent form, DCFH. This form is no longer membrane permeant and is therefore trapped in the cells, where it is oxidized, mostly by hydrogen peroxide in the presence of peroxidase, into its fluorescent form, DCF. At different time points following treatment, the cells were stained with DCFH-DA for 30 min followed by PI and then subjected to FACS analysis. Only the population of living cells, as indicated by their ability to exclude PI, was analyzed, and the ratio of the mean fluorescence of TNF-␣-treated to untreated live cells is presented ( Fig. 2A) .
A more than 10-fold increase in ROS levels was observed in parental 2B4 cells at 6 h following TNF-␣ treatment ( Fig. 2A) . Although only live cells were analyzed in this assay, it could be argued that ROS are early by-products of cell death. Therefore, to establish that ROS contribute directly to this apoptotic process, 2B4 cells were treated with TNF-␣ in the presence or absence of antioxidants. NAC and PDTC are potent ROS scavengers. These two compounds reduced the ROS levels following TNF-␣ treatment ( Fig. 2A) and attenuated the death induced by TNF-␣ (Fig. 2B) . PDTC was a more effective antioxidant in this system and also a better protector from apoptosis (Fig. 2) . These results suggest that ROS play a role in the regulation of 2B4 cell death following TNF-␣ treatment. Like the incomplete inhibition of cell death achieved by Bcl-x L expression (Fig. 1D) , PDTC treatment did not completely block apoptosis but, rather, significantly delayed the process. These observations indicate that although ROS production is important for TNF-␣-induced apoptosis in these cells, it is not essential, most probably due to a direct apoptotic signal that is mediated by caspases activated upon recruitment to TNFR (type I cells [see above]).
To check whether the ability of Bcl-x L to partially protect 2B4 cells from TNF-␣-mediated apoptosis is correlated with a reduction in the level of TNF-␣-induced ROS, we analyzed the ROS levels in control and Bcl-x L -expressing cells following TNF-␣ treatment. A significant and time-dependent increase in ROS levels was observed in control 2B4/neo cells at early time points following TNF-␣ treatment. This increase was completely blocked when Bcl-x L protein was expressed in these cells (Fig. 3A) . These observations suggest that the partial protective effect of Bcl-x L may be due to its regulation of the cellular redox state.
Bcl-x L is not a direct antioxidant but plays a regulatory role in preventing ROS production. Two ways to explain the block of ROS induction by Bcl-x L are available. Bcl-x L can work downstream of the point of ROS production by promoting ROS scavenger activity either directly or by up-regulating other ROS scavengers. Alternatively, Bcl-x L can block the increase in ROS levels by altering upstream events that lead to ROS production. To determine whether Bcl-x L can interfere with the oxidation rate of DCFH simply by acting as a ROS scavenger, untreated 2B4/neo and Bcl-x L -overexpressing cells (2B4/XL c.10) were incubated in the presence of DCFH-DA and the fluorescence level was analyzed over time (Fig. 3B) . It is notable that Bcl-x L does not act as a direct inhibitor of DCFH oxidation since the rate of DCFH oxidation during the incubation of untreated cells was indistinguishable between 2B4/neo and 2B4/XL c.10 cells. Moreover, these results also indicate that the basal redox state (DCFH fluorescence) of these cells is comparable and unaffected by the expressed Bcl-x L protein. To rule out the possibility that Bcl-x L may adapt an antioxidant activity following the generation of ROS, the response of 2B4/neo and 2B4/XL c.10 cells to oxidative stress was analyzed. The kinetics of DCFH oxidation immediately after the addition of exogenous hydrogen peroxide (50 nmol/10 5 cells) was detected by FACS analysis over time. Both cell lines oxidized DCFH at the same rate over the first 30 min following the addition of hydrogen peroxide (Fig. 3C ). These observations support the idea that Bcl-x L works upstream of the point of ROS production during apoptosis and are inconsistent with the hypothesis that Bcl-x L itself acts as a ROS scavenger or induces ROS scavenging activity.
An increase in ROS precedes mitochondrial depolarization during apoptosis. Bcl-2 and Bcl-x L block mitochondrial depolarization in many apoptotic systems. We sought to determine the relationship between Bcl-x L , mitochondrial depolarization and ROS levels. To quantify ⌬⌿ m , TMRE, a potentiometric fluorescent dye that incorporates into mitochondria in a ⌬⌿ mdependent manner, was used. Cells were either left untreated or treated with TNF-␣ for 3 h in the presence or absence of the ROS scavenger PDTC. The cells were then stained with TMRE for 30 min and analyzed by FACS analysis. As can be seen in Fig. 4A , a decrease in ⌬⌿ m was observed in 2B4/neo cells following TNF-␣ treatment. FCCP, a protonophore that induces a collapse of ⌬⌿ m , was used as a control for TMRE staining ( Fig. 4A and B) . The decrease in ⌬⌿ m observed 3 h after TNF-␣ treatment was only a partial mitochondrial depolarization compared to the complete mitochondrial depolarization observed in FCCP-treated cells. The expression of Bcl-x L completely blocked this decrease in ⌬⌿ m at this time point (Fig. 4B) . In contrast, the ROS scavenger, PDTC, which strongly protects these cells from apoptosis induced by TNF-␣ (Fig. 2B) , could not protect them from the initial decrease in ⌬⌿ m following the same treatment (Fig. 4C) .
Since Bcl-x L can block both the decrease of ⌬⌿ m (Fig. 4B ) and the increase in ROS levels following TNF-␣ treatment (Fig. 3A) , it is possible that these two events are related. To address this issue, cells were assayed simultaneously for both ROS levels and ⌬⌿ m . When cells were doubly labeled with TMRE and DCFH-DA, the ROS levels in cells before and during mitochondrial depolarization could be differentiated and measured. The processes of mitochondrial depolarization and ROS induction following TNF-␣ treatment appeared to occur in several stages (Fig. 5) . First, cells were shifted from a high-⌬⌿ m state (T H ) into a decreased-⌬⌿ m state (T M ). At this point, an increase in ROS production was observed (Fig. 5B ). This state (T M ) was followed by a further depolarization of the mitochondria into a low-⌬⌿ m state (T L ). Then the cells lost viability as judged by size (forward-scatter) and granularity (side-scatter) criteria (green cells). It is noteworthy that in these cells, the extent of death measured by forward-scatter and side-scatter criteria was comparable to that assayed by PI exclusion (data not shown). This course of events in 2B4 cells suggested that ROS may play a role in the second depolarization (from T M to T L ) during the apoptotic cascade following TNF-␣ treatment. This hypothesis is supported by the observation that the ROS scavenger PDTC significantly attenuated the escalation in mitochondrial depolarization but could not prevent the first stage of decrease in ⌬⌿ m (Fig. 5A to E) . Based on these results, it seems that ROS are not absolutely required for a complete mitochondrial depolarization but, rather, significantly accelerate this process. As early as 6 h after TNF-␣ treatment, only 8.5% of the control cells still maintained some ⌬⌿ m (Fig. 5C) , while on addition of PDTC, 32.7% of the cells still maintained a ⌬⌿ m (Fig. 5E ). However, a substantial number of cells were completely depolarized at this time point even in the presence of PDTC, and all the cells eventually died despite the ability of PDTC to keep ROS levels low (Fig. 2) . On the other hand, unlike the results with PDTC, Bcl-x L inhibited the initial decrease in ⌬⌿ m that preceded ROS induction and it completely blocked the increase in ROS levels ( Fig. 5G and H) . Therefore, it is likely that Bcl-x L modulates ROS production during TNF-␣-induced apoptosis by regulating the initial drop in ⌬⌿ m . Based on these results, it appears that ROS production increases coincidently with the initial drop in ⌬⌿ m . Increased ROS levels appear to further facilitate the progression of mitochondrial depolarization of apoptotic cells.
Bcl-x L partially relieves cells from a TNF-␣-induced decrease in respiration. One way to produce high levels of ROS from mitochondria is to use electron transport inhibitors that block respiration downstream of complex III, leaving complex III in its reduced state. Under these conditions, the rate of electron transfer from the ubiquinone site of complex III directly to oxygen molecules will increase, resulting in high levels of partially reduced oxygen in the form of superoxide radicals. Furthermore, a blockage of respiration could explain the early reduction in ⌬⌿ m following TNF-␣ treatment. To test whether treatment with TNF-␣ leads to a decrease in electron transport, we analyzed the respiration rates of TNF-␣-treated cells compared to untreated cells. A significant decrease in oxygen consumption was observed in 2B4/neo cells as early as 2 h after TNF-␣ treatment (59% Ϯ 12.5% of that in untreated cells) (Fig. 6 ). This observation supports the hypothesis that a respiration block develops following TNF-␣ treatment. This block was significantly alleviated by the expression of Bcl-x L (Fig. 6) . The ability of Bcl-x L to maintain a higher rate of cellular respiration following TNF-␣ treatment suggests that by promoting coupled oxidative phosphorylation, Bcl-x L functions to sustain ⌬⌿ m and to prevent ROS production.
Bcl-x L protects cells from exogenous oxidant-induced apoptosis by blocking the escalation in the mitochondrial depolarization process. The above results indicate that Bcl-x L works upstream of ROS production and cannot reduce oxidation stress once ROS are produced or introduced into the cells. It is challenging to reconcile these observations with reports that Bcl-x L protects cells from death induced by exogenous hydrogen peroxide (10) . In 2B4 cells, Bcl-x L protected cells from death induced by 50 nmol of exogenously added hydrogen peroxide per 10 5 cells (Fig. 7A ) but provided no protection if twice the amount of hydrogen peroxide was used. The same restriction in the ability to protect cells from hydrogen peroxide-induced death was previously described for Bcl-2 and was attributed to its limited ROS scavenger capacity (10) . However, at 50 nmol/10 5 cells, hydrogen peroxide induced an initial mitochondrial depolarization 3 h after treatment that was comparable in control transfected cells and Bcl-x L -expressing cells ( Fig. 7B; green histograms) , yet Bcl-x L expression prevented further depolarization in the subsequent 3 h whereas control cells continued to decrease their TMRE uptake. At 12 h posttreatment, ⌬⌿ m began to recover in the Bcl-x L -expressing cells (Fig. 7B) . When 100 nmol of hydrogen peroxide per 10 5 cells was used, Bcl-x L did not protect cells from further depolarization (data not shown), and rapid cell death occurred (Fig. 7A) .
DISCUSSION
TNF-␣ alters ROS levels in many cellular systems (24, 30) . ROS are important mediators of cell death in lymphocytes following different apoptotic stimuli, such as Fas signaling (1), glucocorticoid treatment (10, 31) , and activation-induced cell death (8) . We used the TNF-␣-treated mouse T-cell hybridoma cell line 2B4 as a cellular model to study the role of Bcl-x L in regulating the redox state of cells in response to an apoptotic signal.
Bcl-x L -regulated pathways can contribute to the death induced by TNF-␣ in type I cells. Both Bcl-2 and antioxidants protect some cell types from apoptosis initiated through death receptor signal transduction. Here we show that Bcl-x L protects even type I cells from mitochondrial changes and death induced by TNFR signaling. 2B4 cells are type I cells in their response to Fas signaling (17) . This definition implies that the mitochondrial proapoptotic pathway is dispensable in these cells and that Bcl-x L does not protect them from Fas-induced apoptosis (23). Here we report that although Bcl-x L could not rescue 2B4 cells from apoptosis induced by TNF-␣, both Bclx L -dependent and Bcl-x L -independent mechanisms are required for efficient induction of cell death. We demonstrate that Bcl-x L blocks TNF-␣-induced mitochondrial changes (Fig.  4 and 5) and significantly attenuates the rate of death (Fig.  1D) . Moreover, a potent ability of Bcl-x L to protect from TNF-␣-induced apoptosis is revealed once caspase activity is restricted (Fig. 1C) . This is in line with other results obtained with another lymphoid cell line, the pro-B cells FL5.12 (11) . It therefore seems that the antiapoptotic Bcl-2-like proteins may function to protect mitochondria even in type I cells following TNF-␣ treatment. This raises the question whether, under physiological conditions, where death-inducing ligands are limiting, synergism between mitochondrion-dependent and mitochondrion-independent apoptotic machineries is critical to determine whether a cell will live or die. In such a scenario, Bcl-2 or Bcl-x L expression would confer a survival advantage in response to limited TNFR signal transduction.
Bcl-x L reduces ROS levels during apoptosis by blocking ROS production. In TNF-␣-treated cells, ROS are produced after a partial drop in ⌬⌿ m and are important mediators of the complete mitochondrial depolarization (Fig. 5) . Bcl-x L was shown in our system to prevent the induction of ROS levels following TNF-␣ treatment (Fig. 3A) . When the basal levels of ROS in untreated cells were analyzed by DCFH oxidation, there was no detectable difference between the levels in control cells and in Bcl-x L -expressing cells (Fig. 3B) . These results support the idea that Bcl-x L expression does not maintain more reduced conditions in these cells during normal proliferation. In addition, the observation that the expression of Bcl-x L did not reduce the initial rate of DCFH oxidation in hydrogen peroxide-treated cells (Fig. 3C ) further supports the hypothesis that Bcl-x L regulates ROS levels at or upstream of the point of ROS production.
Since ROS were induced after the first decrease in ⌬⌿ m (Fig. 5) and Bcl-x L blocked that decrease, it is possible that the decrease in ⌬⌿ m is the cause of ROS production. A decrease in ⌬⌿ m can occur by one of two mechanisms. In the first, making the mitochondrial inner membrane more permeable to protons will dissipate the proton gradient across this membrane. Alternatively, a decrease in electron transport will result in fewer protons being pumped from the matrix to the intermembrane space and will eventually lead to decreased ⌬⌿ m . The first mechanism is more likely to lead to a complete collapse of ⌬⌿ m and is probably important for the final mitochondrial depolarization, while the second mechanism could explain the initial partial reduction of ⌬⌿ m . Theoretically, both mechanisms would lead to a drop of ⌬⌿ m and could result in increased formation of ROS. For example, increased inner mitochondrial membrane permeability to protons would increase the rate of electron transport in this membrane, and thus the rate of partially reduced oxygen molecules (ROS production) would increase proportionately. However, since FCCP, a protonophore that induces a collapse of ⌬⌿ m , does not significantly increase ROS levels in these cells (data not shown), it appears unlikely that this is the mechanism by which ROS is induced during apoptosis. Moreover, a decrease in respiration rate was observed early after TNF-␣ treatment (Fig. 6) . Therefore, ROS production is probably due to the partial reduction of ⌬⌿ m that occurs when the respiration rate decreases. A block in respiration downstream of complex III would result in a constitutively reduced complex III that would supply continuous single-electron transport directly to oxygen and so would induce high levels of superoxide radicals. Therefore, the ability of Bcl-x L to maintain respiration following TNF-␣ treatment could explain both the prevention of the initial decrease in ⌬⌿ m and the prevention of ROS production. Although the ability of TNF-␣ treatment to inhibit respiration has been reported (13, 15) , the reason for the TNF-␣-induced decrease in respiration is unclear. Fas signaling has been suggested to block respiration by inactivating or releasing cytochrome c (13) . TNF-␣ signal transduction also induces ceramide production, and ceramide has been reported to inhibit complex III of the respiratory chain (5). More detailed bioenergetic studies are needed to determine the mechanism by which TNF-␣ signal transduction decreases respiration. However, the ability of Bcl-x L to at least partially inhibit TNF-␣-induced changes in respiration suggest that Bcl-x L functions to maintain mitochondrial physiology following TNF-␣ treatment. This is consistent with the recent report that Bcl-x L functions to maintain mitochondrial metabolite exchange following growth factor withdrawal, thus maintaining efficient coupling of oxidative phosphorylation in response to changes in cellular bioenergetics (27) . The more efficiently coupled these processes are, the less likely the rate of respiratory ROS production is to change.
How does Bcl-x L protect from death due to treatment with exogenous ROS? Once ROS levels are induced, they appear to accelerate mitochondrial depolarization ( Fig. 5 and 7B ). The role of ROS in subsequent apoptotic steps is not clear. ROS may induce membrane peroxidation, leading to destabilization of the mitochondrial and/or other cellular membranes. ROS may be required to create a redox environment that facilitates the function of other proapoptotic proteins.
Adding exogenous ROS to 2B4 cells results in partial membrane depolarization regardless of Bcl-x L expression. This observation, along with the one that Bcl-x L does not induce ROS scavenging (Fig. 3) , supports the hypothesis that in TNF-␣-treated cells Bcl-x L regulates the membrane potential up- stream of ROS production and that exogenous ROS therefore bypass the Bcl-x L effect. However, Bcl-x L protected cells from hydrogen peroxide-induced death (Fig. 7A) , suggesting that Bcl-x L must somehow limit ROS toxicity even when ROS generation is beyond its control. Interestingly, it was recently reported that cells treated with hydrogen peroxide required further mitochondrial changes as a secondary death mediator in order to achieve full toxicity of the treatment (2). This observation supports our conclusion that Bcl-x L protects cells from certain levels of hydrogen peroxide by regulating mitochondrial functions and not by scavenging the exogenous ROS. Indeed, treatment with TNF-␣, as well as with hydrogen peroxide, resulted in further mitochondrial depolarization before cell death was observed. The steps in mitochondrial depolarization could be part of an amplification loop that involves initial depolarization and ROS production that in turn leads to further mitochondrial dysfunction and depolarization. We have shown that Bcl-x L expression cannot reduce ROS levels in cells treated with exogenous hydrogen peroxides for the first 30 min after treatment (Fig. 3C) . However, Bcl-x L may inhibit the amplification loop in hydrogen peroxide-treated cells, thus restricting depolarization of the mitochondria and allowing cells to eventually recover (Fig. 7B) . Nevertheless, there is a point when the amount of exogenously supplied hydrogen peroxide is sufficient to cause complete depolarization, so that amplification is not required and Bcl-x L will fail to protect cells from death.
